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Abstract—Sit-to-stand transition is an essential step in
a lower limb rehabilitation therapy, mainly for assisting
the patient to transit from wheel chair to the next level of
therapy. A mixed stiffness-damping control adaptation is
proposed for this task which will help in reaching the final
position with a constant velocity. A combination of control
model is proposed to ensure the initiation and the final
stage of the transition, such as to ensure stability and to
maintain the equilibrium. The combined control model
helps in reaching the goal position with equal
participation from the user. For patient studies, such as
with paraplegic patients, a combinational control model
with muscle stimulation can be included to provide a
complete assistance. The role of muscle stimulation and
joint movement assistance is also considered in this
control model. Further, final stage of this transition must
ensure keeping or helping the user to maintain the upright
position.

Keywords—exoskeleton; wearable robots; sit-to-stand
transition; stiffness-damping control;

l. INTRODUCTION

Rehabilitation for lower extremity is one of the
widely researched topics mainly because of its
importance in assisting the user to be independent in
pursuing their activities for daily living. In
rehabilitation robotics research scenario, the challenges
are providing the suitable assistance and to handle the
inevitable task of maintaining the equilibrium. Most
rehabilitation robotic devices mainly focus on providing
the gait assistance which is related to maintaining the
center of mass (COM) while performing a dynamic
task. However, there are some prerequisite movements
or capabilities which are needed before progressing
towards the gait, such as balance stability [1], sit-to-
stand [2].

Sit-to-stand is one of the basic movement and
essential part in activities for daily life. This movement
also needs the high performance from the user, in lifting
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up the entire upper body weight and simultaneously
maintaining the equilibrium of the body. The muscle
power in the knee joint plays a key role in this
movement and it is essential to provide adequate force
assistance for the knee joint [3]. In some cases, an
external support is also needed to help the patient
maintain the equilibrium and to make a smooth
transition [4]. The external support can be provided by
means of supporting the upper limb or providing
muscle stimulation. In case of paraplegic patients, the
role of a coupled system with muscle stimulation and
external support in the sit-stand transition has been
found efficient in providing the suitable assistance [5].
Wearable sensors based sit-to-stand and stand-to-sit
movement was established using the surface EMG
signals [6]. The EMG signals are used to monitor the
muscle synergies in both the movement and then a
fuzzy control model was established to assist the
movement. The use of joint torque/force performance
instead of independent muscle information or using
wearable force/torque sensors has proven to be
influential in this specific task [2]. A Smart mobile
walker based assistance for elderly people has been
performed [7, 8] based on the kinematic computations.
A compliant actuator exoskeleton MIRAD [9] was
developed specifically for performing the Sit-to-stance
movement with a total of 6 flexion and extension
movements. A COM based sit-to-stand model is also
efficient in ensuring stability above the foot while
sitting [10], but a complete kinematic model is needed
to ensure its performance. Although, the sit-to-stand is a
transition phase, it needs to be handled more precisely
to ensure a stable posture at the end.

In this work, a stiffness-damping coupled control
model is presented and evaluated for the sit-to-stand
task. The control model adaptation is performed in real
time with specific consideration to the different
stages/events in this rehabilitation task.

Il. EVENT-BASED CONTROL

Even though, the transition from a sit to stand is
considered to be less trivial in most of the rehabilitation
robotic studies, it is complex enough to be planned as a
single procedure. Although, the initial and final
positions in this task are well established it cannot be
treated from a position trajectory generation
perspective. This solution would imply to a forced
movement towards the patient. The user needs to
control the start of the action, triggering it by own
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Figure 1. Schematic representation of the switching control
model in the sit-to-stand process

volition, since the whole movement requires balance
control, involving the upper body dynamics.

In this work, an assist-as-needed strategy which
dynamically varies the damping and stiffness variables
is adapted. The system must help the exoskeleton users
to stand-up, without any prior knowledge about their
weight or height. Further, the ability to tackle with
parallel activation of functional electrical stimulation
(FES) is considered.

Three different stages with associated control
strategies have been linked to provide the desired
behavior of the system, as shown in Fig.1.

Stage 1: User initiation- An admittance control strategy
is considered in this stage, which facilitates the user
initiation by giving some freedom in the movement.
The joint movement will be initiated when the patient
tries to move from the idle or sitting stage to a different
position, indicating the intention of the movement.
When the controller observes the change in the joint
positions and simultaneously observe a change in the
neuromotor behavior, initializes the trigger to stage
two.

Stage 2: Transition-A damping control strategy is
applied based on the error in velocity from which the
required resistive or assistive torques is generated,
leading to achieve the equilibrium position.

The proposed velocity-based damping controller is
represented by the following equation,

T= Kd (9ref - 9act) (1)

where, 1 is the applied torque to assist or resist the
joint, K, is the damping constant for the torque acting
on the joint. 9Tefand 6,.care the reference and current
joint velocity respectively. In this case, the damping K
is maintained constant to ensure equilibrium and the
velocity varies depending on the user movement.

The reference velocity will be specifically
programmed for every patient. It will follow a
trapezoidal profile generating a smooth transit curve
(take-off, constant speed and arrival phases) that helps
the transition between the different kinds of control.
The trapezoidal profile is asymmetrical demanding
lesser acceleration during take-off period in order to
gain speed against gravity. When the movement
achieves the constant speed reference, FES can be
activated applying additional torque to the joint. The
effect of FES stimulation acting on a muscle is
considered as an impulsive signal [11, 12, 13]
(Fig.2(c)). The FES signal must be treated as a
disturbance from the control point of view, but in fact,
FES action reduces the error in velocity and relaxes the
assistance provided by the joint motor, as shown in
Fig.2(a). This motor assistance is always positive
because the reference velocity is programmed to be
higher than that induced by FES action. After reaching
the arrival phase, FES must be deactivated to permit the

Start Control
(a)4 T(Nm) FES Switch
8 : :
Start /\ Stop |  Stand
60) Rise

FES . Position

AL

 Position
..reached

A

Position:
20| change

—

(b1 gersec)

80| :

—Yy

(c)

500

F(N)

400

300

200

100

—+Y

@ i

= e [ =) - =2
] g3 +£3 £3 89
= BE n'es £ ==
=c EC LUE: c UJS
€0 NO Lel ] °8
£o go 8o o &
<

Figure 2. Knee joint behavior in the sit-to-stand task (a)
Representation of motor torque behavior along time, (b)
Reference velocity evolution, (c) Force generated by FES.



joint to slow down before entering in the last stage.
Here the deceleration can be higher than in take-off
period, thanks to gravity direction.

Stage 3: Upright Posture - At this stage, the user must
be assisted to the resting or final position while
maintaining the postural stability. From arrival joint
position at low speed, a position control with variable
stiffness is applied:

T= Ks (grest - Hact) (2)

where, 1 is the applied torque to guide the joint, K
is the stiffness constant for the torque acting on the
joint. 8,.,; and 6,.are the rest goal position and
current joint angle respectively. In this case, the
stiffness K is initially low to ensure good transition
from the previous control mode, but it is increased
along time quickly to its maximum value to maintain
the stability at the end for keeping the user in upright
position.

Fig.3 illustrates the control scheme for the
implemented stiffness-damping approach. The series of
the events in the sit-to-stand task combined with the
changes in the joint velocity and position are considered
in real-time.

I1l. SIMULATION ANALYSIS

As a preliminary study, a simulation model was
developed using the Matlab/Simulink SimMechanics
toolbox. The simulation model has three revolute joints,
emulating the behaviour of the hip, knee and ankle joint

0

Figure 3. Schematic representation of the control model; The
stiffness-damping control is considered in real-time to ensure
the smooth transition.

The exoskeleton used in this study was developed as part of the
HYPER project (Hybrid Neuroprosthetic and Neurorobotic devices
for functional compensation and rehabilitation of motor disorders),
grant CSD2009-00067 CONSOLIDER INGENIO 2010 from
MINECO (Spanish Ministry for Science and Education))
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Figure 4. Simulation model of the Sit-to-stand transition

in the sit-to-stand transition. Each joint of the
exoskeleton has 1 DoF (degree of freedom) revolute
joint which can be driven by position and torque control
respectively based on the therapy requirements. The
mechanical parameters of the exoskeleton can be
adjusted depending on the anthropomorphic parameters
of each individual. Fig.4 shows the Simulink model of
the exoskeleton developed based on the real mechanical
considerations of the exoskeleton. The joints of the
model are driven by PID control, based on the force
applied which in turn is based on the error in its
position/velocity. This Simulink model has been used in
a previous study to analyze the effect of disturbances
and the suitable method for recovering movement
efficiently [12]. The model consists of 3 joints each
driven by a 1 DoF revolute actuator which in turn is
actuated by an implicit force control mechanism.

IV. EXOSKELETON H1

H1 is a 6 DoF wearable lower limb orthosis with an
anthropomorphic configuration to assist individuals
with incomplete Spinal cord injury (SCI) or Stroke. The
exoskeleton used in this study was built within the
framework of the Hyper® project. H1 has three joints for
each leg: hip, knee and ankle, each joint is powered by
a DC motor coupled with a harmonic drive gear. The
exoskeleton is equipped with potentiometers and strain
gauges to measure the joint angles and human-orthosis
interaction torques on the links respectively. A detailed
description about the exoskeleton structure and
communication parameters is detailed in [14]. The
variable stiffness control ensures a safe therapeutic
experience [1, 12]. The exoskeleton permits a stiffness
value within the range of 1-100 Nm/deg. A low



stiffness value (<10Nm/deg) will not cause any
significant effect on the user’s performance. Similarly,
a high stiffness value (>80Nm/deg) will provide a
completely assisted movement, with few or no input
from the user.

Experimentation

The experimentation was initially performed with a
simulation experiment to study the controller
performance and the joint torque behaviour. For the real
study, the control was tested with healthy subjects
wearing the exoskeleton such as to test the efficiency
and the assisting capability of the proposed model. The
initial stiffness value must be defined taking into
account the user’s capability and the degree of
assistance to be applied by the orthosis. The initial
reference velocity is assumed to be 0.5m/s which
eventually provides the sufficient damping to make sure
the model reaches to the target position with ample of
time. The stiffness constant for the knee joint is
considered as 50Nm/deg for the healthy subjects. This
stiffness provides sufficient assistance for the healthy
subjects and suitable to let the users progress in their
movement. In case of the paraplegic patients, this
stiffness value must be maintained at a higher level in
order to provide more assistance.

The transition can be differentiated or classified as the 4
step process.
1. The subject makes the effort to raise himself
from the sitting position
2. The joints knee and ankle transfers from the
initial position
3. The subject adjusts the hip joint rotation
4. The whole body is stabilised
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Figure 5. Visualization of the Sit-to-stand transition using a
simulation model; The displacement of the COM in the
different stages of the sit-to-stand transition can also be
observed.

U I

.~ HEE
L

=

JOINT ANGLES (deg)
=
rij

=

&

=

JOINT TORQUES (MNrm)
=

78
I

1 ? 3 L ] 6 i
THEL)

Figure 6. Simulation results of a sit-to-stand transition. The joint

torques and angles demonstrates the joint performance in this

transition.
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V. RESULT AND DISCUSSION

Sit-to-stand is a first step of transition in a lower
limb rehabilitation task, to help the user to move from
their wheel chair and to progress towards the next step
in rehabilitation. This task has been evaluated using a
stiffness-damping control. In order to provide the
adequate support to the user, this task has been
approached with a combination of three different
control strategies. This test has been performed as a
preliminary study with healthy subjects.

Fig.5, presents the visualization results of the
different stages in sit-to-stand transition of the
simulated model. Naturally, the hip movement should
be in the beginning of the process followed by the
flexion in the knee and ankle joints. The simulation
model was relying in maintaining the hip position until
it reaches the alternative ending of the flexed knee.

The simulation results presented in Fig.6, illustrates
the joint torque needed in both the hip and knee joint in
reaching the final stage of standing position. The initial
joint angles of the hip and knee were assumed to be at
90deg and -90deg respectively which is a complete
sitting position. However, in practice these initial stages
can be depending on the user comfort and ability.

As shown in Fig.7, the transition of sit-to-stance can
be classified as four events A to D. The joint movement
is initiated when the change in the joint movement is
observed (A). The assistance begins from B to the final
D, first with velocity-based control and a constant
damping. The constant damping value supports the user
evolution as needed, and ensures stability and
assistance through the transition to standing. When the



Figr 7. Si-o-stand task perforedy healthy subjec with the eskeltn H1; Sit-to-stand task performed by a health

subject with the exoskeleton H1

user reaches the standing position (D) the control mode
shifts to position control which helps in maintaining the
equilibrium, with or without any external support. This
kind of assistance is possible with a fixed stiffness to
prevent the user from falling.

Fig.8 illustrates results on a healthy subject. The
variation in the joint angles and interaction torques in
the hip, knee and ankle joints are shown. A significant
change in the knee joint movement is observed but
supported by a large amount of interaction in the hip
and ankle joint, with constant position. The movement
occurs within a span of 1-3 seconds which is related to
the velocity of the movement performed by the user.
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Figure 8. Changes in the joint angles and interaction torques
after sit-to-stand transition performed by a healthy subject

For paraplegic patients, muscle stimulation might be
needed to provide both muscle and functional
assistance. The following are the sequential movements
involved in case of experiment with patients, with the
combination of FES:

1. From stage A to B with admittance control, for
all the joints.

2. At B, FES activation must be initiated while the
exoskeleton will maintain with a fixed damping
behavior. This will help the muscle to move the
user while the exoskeleton provides sufficient
postural assistance.

3. At C, the FES must be deactivated since the joint
position is reached the standing phase. The joint
damping must be maintained constant while
decelerating to help the user maintain the posture.

4. At D is the end of the sequence, indicating the
switch to position control model.

VI. CONCLUSION

An event-based control model with a combination of
stiffness-damping control adaptation has been presented
for a sit-to-stand task in rehabilitation. The presented
control model has been initially tested in a simulation
environment and further progressed into a real study
with a healthy subject using a wearable exoskeleton.
The results of the simulation study and the real study
has been presented discussing the efficacy of the system
in handling the human interaction and the type of
assistance provided in a rehabilitation task. The control
model also provides the possibility of combining a
muscle stimulation models for paraplegic individuals



which is considered as the next objective of the
presented work.
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